Introduction
Microelectromechanical Systems (MEMS) consist of mechanical devices and machine components ranging in size from a few microns to a few hundred microns. They can be the mechanical interconnects of microsystems, and can be categorized as either sensors or actuators. These devices generally integrate signals from one physical domain to another, such as mechanical-to-electrical, electrical-to-mechanical, electrical-to-chemical.
MEMS sensors are devices such as pressure sensors, accelerometers, and gyrometers that perceive an aspect of their environment and produce a corresponding output signal. Actuators are devices that are given a specific input signal on which to act and a specific motion or action is produced. Some examples of MEMS actuators are: microengines, microlocks, and discriminators. Sensors can be thought of as being passive, waiting on a signal from the environment to elicit a response, while actuators are activated by the user. The sources of motion for MEMS elements such as gears or microlocks are usually electrostatics, thermo-actuation, wobble motors, and with limited success even microsteam engines [l]. These "motors" provide the mechanical input required to activate the actuators and can be used with a gear train to raise or lower a micromirror for a digital light processing application. As well, these create the motion of a linear actuator or activate a weapon safety system which requires motion of the mechanical locking elements.
In the state-of-the-art manufacturing, MEMS are fabricated using manufacturing processes and tools borrowed fromthe microelectronics industry. Many of these processes and tools are used directly, while others have been modified to meet the specific needs of MEMS [2] . The devices are either produced using successive deposition and selective etching of polysilicon layers on top of the silicon surface (surface micromachining), by etching into the silicon substrate using anisotropic etchants and heavily doped etch stops (bulk micromachining), or high aspect ratio micromachining (HARM). Surface micro-machining currently uses up to 5 layers of polysilicon for device design [l] . Geartrain structures, microengines, microsteamengines, and micromirrors for digital light processing arejust some of the devices that can be fabricated using surface micromachining Although fabrication techniques can be carried over from IC to MEMS fabrication, the requirements of MEMS packaging are different from those of IC packaging. However, extrapolation of some philosophies of IC packaging to MEMS packaging could be arguable. Unlike IC die packaging, MEMS dice need to interface with the environment for sensing, interconnection, andor actuation [6] .
MEMS packaging is application specific and the package allows the physical interface of the MEMS device to the environment [6] . In the case of a fluid mass flow control sensor, the medium flows into and out of the package. This type of packaging is referred to as media compatible packaging. Harsh environments may create different challenges for the packaging of MEMS [6] . In addition to challenges related to the environment of the MEMS chip and interfacing it with the environment, challenges also exist inside the MEMS package with the die handling, die attach, interfacial stress, and outgassing [7] . These new challenges in the field of MEMS packaging need immediate research and development efforts.
To date, most of what is known about MEMS packaging remain proprietary secrets and published literature is scarce. The challenges of MEMS packaging have been known for some time, but little open research has been done to collect data and work toward meeting these challenges [7] . A disproportionality exists between the money spent on the packaging of MEMS and the time spent researching MEMS packaging. Currently the cost of MEMS packaging typically accounts for 75% or more of the sale price of the device [8] .
The motivation for overcoming the challenges is the low cost and the ubiquitous applications of MEMS. MEMS could be used to create smart systems in almost any existing application one could imagine, as well as many new applications ' never before possible. Everything from low tire pressure sensors, to undefeatable weapon system locks to space applications, and surgical procedures [I]. MEMS packaging is already far behind the capabilities of MEMS designers, and it is the purpose of this paper to share the challenges of MEMS packaging and create an awareness and an interest in MEMS packaging within the packaging comunity.
Challenges in MEMS System integration:
There is a philosophical difference between the motivation for packaging ICs and packaging MEMS. The goal of IC packaging is to provide physical support for the chip, provide an electrical interface to active chip(s) in the system, supply signal, power, and ground interconnections, and allow heat dissipation [9] . Also, additionally a package must also effectively isolate the chip physically from its environment. MEMS devices, on the other hand, often are intimately interfaced with their environment [6] . Figure 1 shows a comparison between a typical DIP IC package and a MEMS pressure sensor package, which has an opening to sense pressure variation. Another issue is the media compatibility of the MEMS package. MEMS devices may need to operate in diverse environments such as under automobile hoods, intense vibrations, in salt water, strong acids or other chemicals, alkaline or organic solutions [6] .
In conclusion, the package, while performing detection or actuation, must be able to withstand the environment(s) [6] .
Another challenge in MEMS packaging is the effect on reliability that packaging parmeters induce. The package 
Figure 1 Schematic of an IC package (A) [9] and a
MEMS pressure sensor package (B) [7] .
is part of the complete system and should be designed as the MEMS chip is designed, with the specific and many times custom package in mind. The chip, package, and environment all must function together and must be compatible with each other. This determines which materials and what design considerations and limitations become important. One of the main scientific challenges of MEMS is the issue of material properties. The properties of the materials depend on how they are used, processed, the heat treatments to which the materials are subjected, and even the specific pieces of equipmentused during fabrication. Not all thematerials used react the same to these parameters, so compromises must be made. Some materials may be hard to obtain with R&D production run numbers. Low quantities of materials are used, and suppliers are reluctant to sell small quantities or develop new products for limited markets [7] . One good point about the materials used in microsystems is that the material properties generally get better at the microscale. This is due to a decrease in the number of defects encountered in the materials. The defect density remains about the same as in macroscale devices, but since the MEMS devices are so small, the chance of a killer defect occurring in a device is reduced.
Packaging of MEMS dice is application specific and hence, desired process steps could vary significantly. Thus, as it stands it is important to classify MEMS dice from the packaging requirements and develop the packaging standards and related knowledge base. 
Packaging Parameters

Release and Stiction
Releasing of the MEMS dice is an important step in MEMS packaging. Typically, the polysilicon features are surrounded by silicon dioxide which protects the features and prevents them from becoming damaged or contaminated. This oxide must be etched away, freeing the devices. This is done with an HF etch, which is selective between SiOz and Si [I]. The debate on this issue is when it should be done. It is most simply and economically done in wafer form as a batch process, but this leads to serious contamination risks and damage during the dicing of the released wafer. The most difficult and inefficient time is after dicing. Each chip must be released individually rather than the entire wafer at once. The MEMS features, however; do remain protected throughout the potentially lethal dicing stage. In addition, there is also a risk of stiction during and after the release. Stiction occurs from the capillary action of the evaporating rinse solution in the crevices between elements like cantilevers and the substrate [ I] . This stiction can render the MEMS devices useless after all the resources have already been invested in them. An example of stiction is shown is Figure 2 . The beam-type element has been pulled down to the substrate by the capillary forces. Preventing stiction from occurring after release is also a major challenge to be dealt with. Some methods that are effective are freeze drying and supercritical CO, drying [I] . These methods remove the liquid surface tension from the drying process preventing stiction from occurring. This, however, does not prevent stiction throughout the lifetime of the device. In order to prevent stiction throughout the lifetime of the device, the surface can be roughened to minimize contact area or non-stick coatings can be applied to the device surfaces. Stiction can also be reduced in the design process by using dimples in regions of the device where stiction may be a problem [l], [lo] . These small protrusions on the bottom on an element can greatly reduce the contact area between the MEMS device element and the substrate. Figure 3 shows a cantilever beam with dimples on the bottom surface.
Beam-type element displaying the effect
Dimples
Figure 3 An example of dimples used to prevent stiction.
Dicing
Another challenge in MEMS packaging is the dicing of the wafer into the individual dice. The dicing is typically done with a diamond saw a few mils thick. This requires that coolant to flow over the surface of the very sensitive dice along with silicon and diamond particles that are generated during sawing. These particles combined with the coolant can contaminate the devices and get into the crevices of the features causing the devices to fail [l] . An alternative to dicing is wafer cleaving. Wafer cleaving is commonly done in III-V semiconductor lasers and has applications in MEMS. Cleaving does not require coolant and does not generate near as many particles as sawing.
Die Handling
Die handling is another area of MEMS system fabrication and assembly which is currently not meeting the requirements of MEMS dice. Because of the delicate surface features of MEMS, these chips cannot be moved by using vacuum pick-up heads, as in traditional IC die assembly.
The MEMS dice must be picked up and handled by the edges, which will require new infrastructure for the automated handling of MEMS. These new edge handling techniques would probably be exclusive to MEMS since existing vacuum pick-ups will continue to work well for ICs. These MEMS die handling fixture could be fingers or clamps that delicately handle these MEMS dice by their edges, or collets that fit existing pick-and-place equipment.
In order to handle the MEMS chips, die handling fixtures and methods that handle the chips by the edges will become commonplace in intermediate to high volume MEMS packaging houses. Handling chips by the edges is more difficult than by the top surface because of greatly reduced surface area and increased dexterity requirements of the pick-and-place equipment.
Wafer Level Encapsulafion
Wafer level encapsulation eliminates the need for special die handling fixtures. With wafer level encapsulation, a capping wafer is bonded to the top of a device wafer and when diced, each MEMS chip has a protective lid attached to it. These wafers can be bonded in a vacuum to produce a permanent vacuum inside each device chip. These wafers can be bonded using direct bonding, but the required temperature is about 1000" C. Glass frit or anodic bonding is more commonly used because the processing temperature is between 450 and 500" C [7] . However, the glass frit may cause stress in the die if the glass is not chosen with a CTJ3 close to that of silicon.
The anodic bonding also requires high voltage, which can also be a disadvantage for integrated systems combining MEMS with IC devices on a single chip [I] . Wafer level encapsulation is not the cure-all for die handling incompatibilities. Wafer level encapsulation is unique to semiconductor sensor packaging and adds considerable cost to the sensor die because of the added fabrication steps and increased die area required.
Stress
When polysilicon is deposited a great deal of stress is created in the films. This stress can be annealed out at a temperature of around 1000" C. This is most effective if the polysilicon is deposited amorphously and then annealed to form a polycrystalline structure. This creates the lowest stress arrangements with the fewest defects in polysilicon. The second source of stress results from the die attach material at the interface between the MEMS die and the package substrate. Depending upon the die attach material and coefficient of thermal expansion (CTE) mismatch between the package and the chip, interfacial stress can develop within a MEMS package [ 111.
A major drop in reliability can be caused by excess stress in the package. This stress can be caused by stress inducing fabrication processes, CTE mismatch in the die attach, lid sealing, or shrinkage during the attach curing. The results of stress are that the devices may deform, gear teeth may become misaligned, tensile stress may cause the resonant frequency to increase and can also cause device breakage, and excessive compressive stress causes long beam elements to buckle. Packaging stresses can induce both offset and scale factor shifts in sensors. The use of hard solders like AuSn or AuSi can put excessive stress on the delicate components and cause the features as well as the die itself to warp or fail [121, [131. Stress effects also worsen as chip sizes increase. MEMS chip sizes stand to be larger than many IC chips as the feature sizes are larger and the devices require more real estate. This stress can be reduced by using lower modulus die attach materials that deform as the chip and package expand and contract 1121. These low modulus die attach materials may also allow creep over time. Stress relaxation can be very bad in die attach materials because a change in the stress state will lead to changes in device performance (resonant frequency, offset, scale factor shifts). Although high stress may be undesirable, it is also undesirable for the stress state to change.
Outgassing
When epoxies or cyanate esters are used, the die attach compounds outgas as they cure [l] . These water and organic vapors redeposit on the features, in crevices, and on bond pads. This leads to device stiction and also corrosion. Die attach materials with a low Young's Modulus, like epoxies, also allow the chip to move during ultrasonic wirebonding, resulting in low bond strength, which has been documented in certain pressure sensors [4] . Solutions to outgassing challenges include very low outgassing die attach materials and the removal of outgassing vapors during die attach curing.
Testing
Testing these devices is also an issue. With almost every step of the assembly potentially fatal to the MEMS chips, the chips can fail at any time during the processing. No one wants to package a bad chip, it is too expensive and too time consuming. However, no one can afford to test the chips after every assembly step. The packaging engineer must decide when and if any testing of the devices during packaging would be appropriate, based on cost and yield figures of the device. A final test of a fully packaged device may indicate that despite all previous tests and care taken, the part failed during lid seal, which makes all previous efforts on that part for naught.
State-of-the-Art in MEMS Packaging
The state-of-the-art right now in MEMS is combining MEMS with ICs and utilizing advanced packaging techniques to create complex MEMS systems. One application is to put CMOS and MEMS on one chip. The challenge is that the processing steps for CMOS and MEMS are not compatible. For instance, the high temperature anneal destroys the diffusion profiles and aluminum interconnects used in the CMOS devices. There are three main methods that have been used to create the monolithic integration of CMOS and MEMS: (1) Electronics First (University of California, Berkeley), (2) MEMS in the Middle (Analog Systems), and (3) MEMS First (Sandia National Laboratories) [ 
13.
Each of these above methods have advantages and disadvantages. One of the most recent has been Sandia's MEMS First effort in which the MEMS are fabricated first in an etched trench then covered with a sacrificial oxide. After the trench is filled completely with SiO,, the surface is then planarized [ 13. This flat surface serves as the starting material for the CMOS foundry. The sacrificial oxide covering the MEMS is removed after the CMOS devices are fabricated. This protects the MEMS devices from the CMOS processing steps [ 11. Figure 4 is a schematic of Sandia's MEMS First approach to monolithic integration. An alternative approach to monolithic integration is the useof Multi-chip Modules (MCM) [ 
151.
IC and a MEMS dice can be placed in the same package eliminating these processing incompatibilities. Advanced packaging techniques like MCM and flip chip are being actively pursued for use with MEMS [ 161. The idea of MCM is that several different MEMS sensors, actuators, or a combination can be combined into a single package forming complex systems that can perform several functions or subfunctions of a larger process. These MCM systems should be modular and any number of these systems could be constructed from the available MEMS sensors and actuators [15] . This opens the already nearly limitless range of applications of greater complexity.
A downside to MCM usage is signal loss and apparent added packaging expense. This is especially noticable with some capacitive devices. For some of these devices the capacitance changes being sensed is less than a femtofarad. A single 100 micron by 100 micron bond pad can add a picofarad of capacitance, thereby swamping out the desired signal change [ 11. In these applications one may put detection circuitry right next to the MEMS device to decrease effects of parasitic capacitance. With the MCM comes the greater cost of packaging, and the issue of known good die (KGD), or pretested dice that are known to work before being placed into the MCM. The disposibility of MCM packaged systems becomes much less palatable, and the cost of rework more acceptable.
Surface micromachining is categorized by the number of active layers in the processing. The layers simply stack on top of each other as the number of levels increase. The more levels, the more design potential and the more complex the device can become. Sandia National Laboratories recently unveiled their state-of-the-art 5 layer process with several new, more complex devices. Sandia says surface micro-machined devices can now be up to 12 microns tall and much stronger and more robust than with the previous four layer technology [4] .
The next state-of-the-art process is the idea of lab-onchip. This is the concept of several sensors and actuators on a single chip, or in the same package using MCM technology forming a mixed signal system that will fulfill a function or group of functions. [16] . On a space expedition like the Pathfinder mission many more experiments and observations could be made because of the increased number of sensors and instruments that could fit on board.
Summary: The Role of MEMS Packaging and Assembly in Future System Integration
The role of the package is to provide the interface between the chip and the world. It should protect the chip, while letting it performits intended function cleanly with very little attenuation or distortion of the signal in the given environment and do so at a low cost. We are currently working on the details of MEMS packaging such as die attach and outgassing, which is why we need an open knowledge base so researchers can take the solutions to these basic premises and work on new advanced packaging concepts.
In the future of MEMS assemblies, there is need for MCM style packaging schemes in which several MEMS chips are placed in the same package and are modular. As packaging has continued to develop, more optical MEMS applications including laser diodes, optically transparent windows, and waveguides are continuing to be developed. We need to develop application specific MEMS systems that are marketable, each possibly requiring a unique and separate packaging scheme. If we look to the electronic revolution that has occuried in the last twenty years, we can see that it would be short sighted to underestimate the impact the field of MEMS could have on our world. No one could have guessed, even in 1979, that electronics would be as big a part of our lives as they are now. This is where we are today with MEMS. We stand to see the same revolution with low cost, batch fabricated MEMS based sensors and actuators monitoring and controlling our worlds, though there is a lot of packaging work ahead if the same revolution is to take place. The major issue is to produce the knowledge base for the packaging and integration of MEMS, which is essential for the success of MEMS systems.
When designing a new system, the whole system should be considered from the conception of the application.
The packaging and assembly, as well as the materials used, are integral parts in the MEMS system. Traditional frontend and backend packaging become blurred and united in the development of the system. MEMS packaging breaks the paradigms of traditional packaging, and is an exciting field ready for wide-spread research and development of new applications.
